Induction of Copper-Zinc Superoxide Dismutase in Gerbil
Hippocampus After Ischemia Summary: To assess the role of Cu-Zn superoxide dismu tase (CuZnSOD) in regulating cellular antioxidant de fenses, we studied the induction of CuZnSOD mRNA by an in situ hybridization technique and of CuZnSOD pro tein by an immunocytochemical method in the gerbil hip pocampus following 5 min of transient global ischemia. For hybridization, we synthesized 48-mer oligonucleotide (base 465-512) complementary to rat CuZnSOD mRNA. Northern blot analysis showed hybridization to a single band of molecular weight 0.65 kb. After 5 min of isch emia, the signal became stronger at 3 and 24 h and re turned to the control level 3 days later. In situ hybridiza tion histochemistry revealed an increase in labeling throughout the hippocampus, especially in the granular layer 3 h following ischemia. The increase was prolonged only in the CAl pyramidal layer after 24 h and was elim inated within 3 days or later. Conversely, analysis by
The formation of oxygen-derived free radicals in the brain has been proposed to explain the patho genesis of neuronal death following cerebral isch emia (Demopoulos et aI., 1980; Siesj6, 1981; Raichle, 1983; Hall and Braughler, 1989 ). This hy pothesis is supported by previous studies showing that exogenously applied superoxide dismutase (SOD), a specific free radical-scavenging enzyme, may ameliorate brain injury in cerebral ischemia models (Kontos, 1985; Chan, 1988; Siesj6 et aI., 1989; Kitagawa et aI., 1990; Imaizumi et aI., 1990; Uyama et aI., 1990 Uyama et aI., , 1992 Araki et aI., 1992) . In vitro studies also suggest that SOD reduces the out put of excitatory amino acids (EAAs), which are thought to induce neuronal death during ischemia (Pellegrini-Giampietro et aI., 1990) . Evidence shows that exogenously applied SOD inhibits EAA induced neuronal cell death in culture (Dykens et aI., 1987) . Therefore, SOD is thought to affect EAA-mediated neurotoxicity as a part of the endog enous antioxidant system by altering the level of oxidative stress on the cells (Chan et aI., 1990) .
However, the contribution of endogenous SOD to ischemic brain damage remains equivocal. Chan et al. (1988) reported a significant decrease in SOD activity in rat brain following global cerebral isch emia, suggesting that the depletion of SOD indi cates a vulnerability to reperfusion, with an influx of superoxide radicals following global ischemia. Other investigators (Paschen et aI., 1985; Michowiz et al., 1990) have shown that SOD activity did not change during the acute period of focal cerebral ischemia. There have been no reports on the cellu lar response of endogenous SODs to a cerebral isch emic insult in vivo.
Delayed neuronal death is a well-characterized phenomenon that is restricted to the CAl pyramidal neurons of the hippocampus following transient ce rebral ischemia (Kirino and Sano, 1984) . Oxidative stress as well as increased EAA input and intracel lular calcium overload have been proposed to ex plain this curious phenomenon (Kitagawa et al., 1990) . We have also described the protective effects of exogenously applied SOD on transient ischemic injury of CAl neurons in gerbils, suggesting a con tribution of free radicals to the delayed neuronal death (Uyama et al., 1992) . In the present study, we examined the induction of CuZnSOD mRNA and CuZnSOD protein in the gerbil hippocampus following transient global ischemia using in situ hybridization histochemistry and immunocyto chemistry to elucidate the in vivo cellular response of endogenous antioxidant enzyme to the oxi dative stress. We have previously presented some of our findings concerning the transient increase in CuZnSOD mRNA in the gerbil hippocampus (Mat suyama et al., 1991a; Uyama et al., 1992) .
MATERIALS AND METHODS

In situ hybridization histochemistry
Ischemia was produced in male Mongolian gerbils weighing 6�0 g (five animals per group) by occluding the common carotid artery bilaterally. Five sham operated animals were used as controls. The animals were anesthesized with ether. They were killed by decap itation 3 h, 24 h, 3 days, and 7 days after removal of the occluding clip. The brain was quickly removed and frozen in powdered dry ice. Sections, 16 fLm thick, were cut on a cryostat, thaw-mounted on gelatin-coated slides, and stored at -80°C. They were then processed for in situ hybridization histochemistry.
Hybridization in situ was accomplished by the estab lished technique (Arentzen et aI., 1985; Young et aI., 1986) . In brief, sections were fixed in 4% paraformalde hyde for 30 min, acetylated, and dehydrated through graded ethanol and chloroform. Hybridization was car ried out overnight at 42°C with the CuZnSOD oligonucle otide probe (see below) in a buffer containing 50% deion ized formamide, lOx Denhardt's solution, 0.5% sodium dodecyl sulfate (SDS), 1 M sodium chloride, 10% dextran sulfate, 100 fLg/ml poly (A), 100 fLg/ml salmon sperm DNA, 25 mg/ml yeast tRNA, and 20 mM dithiothreitol. Subsequent washes used 0.15 M NaClfO.0l5 M Na citrate (l x SSC) at 55°C for 1 h and at room temperature for 2 h. The sections were then dehydrated in a graded ethanol series and dried. Slides were dipped in Kodak NTB-3 emulsion, developed after exposure for 3 weeks at 4°C, and counterstained with cresyl violet.
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Northern blot analysis
For Northern blot analysis, two normal and three sham-operated gerbils and gerbils that were decapitated 3 h, 24 h, 3 days, and 7 days after the insult (three animals per group) were used. The hippocampi were removed, frozen in liquid nitrogen, and stored at -80°C. RNA was isolated from the hippocampal tissue essentially accord ing to the method of Chirgwin et al. (1979) . Tissue was homogenized in 4 M guanidine thiocyanate stock solution using a Polytron tissue homogenizer. The homogenate (7 ml) was layered onto 4 ml of 5.7 M CsCI/1O mM ethyl enediaminetetraacetate in tubes for the Beckman SW 40 rotor and centrifuged at 32,000 g at 20°C for 20 h. The RNA pellet was dissolved in 10 mM Tris-HCI (pH 7.6), 1 mM ethylenediaminetetraacetate, and 0.5% SDS; ex tracted with an equal volume of chloroform/isoamyl alco hol (24: 1); and precipitated with the addition of 0.1 vol of 3 M sodium acetate and 2 vols of ethanol. RNA was quan titated spectrophotometrically, assuming that 40 fLg RNA/ml provides an absorbance of 1.0 at 260 nm. The integrity of RNA preparations and the consistency of sample loading were verified by staining the transferred RNAs with ethidium bromide.
For electrophoresis, total RNA (15 fLg) was denatured and size-fractionated on formaldehyde/agarose (1.5%) gel (Maniatis et aI., 1982) . After electrophoresis, RNA was blotted by capillary transfer onto nylon membranes (Gene Screen Plus; NEN). The membranes were prehybridized FIG. 1. Dark-field photomicrographs showing the distribu tion of Cu-Zn superoxide dismutase mRNA hybridization in gerbil forebrain. Sections were obtained from control brain, hybridized with 3 5S-labeled oligonucleotide, and detected by autoradiography. A: Strong hybridization could be identified in pyramidal layers of hippocampus, cortex, and hypothala mus and in ependyma(e). Dentate granule cells showed less hybridization than the pyramidal cells. B: Negligible labeling was observed in an adjacent section coincubated with a 100fold excess of unlabeled oligonucleotide. Bar = 1 mm.
for 2 h at 42°C in a buffer containing 50% deionized form amide, lOx Denhardt's solution, 1 M sodium chloride, 0.5% SDS, 100 fLg/ml salmon sperm DNA, 25 mg/ml yeast tRNA, and 100 fLg/ml poly (A). Hybridization was carried out overnight at 42°C with the 32P-labeled oligonucleotide in the same buffer containing additional 10% dextran sul fate. The membranes were washed twice for 30 min each in 2x SSC/O.l% SDS at room temperature and once for 10 min in 0.2x SSC/O.l% SDS at 42°C. They were then subjected to autoradiography for several days at -80°C.
Probe
The probe used in this study, 48-mer synthetic oligo nucleotide (base 465-512), was derived from the pub-
FIG. 2. Distribution and time
course of Cu-Zn superoxide dis mutase mRNA expression in gerbil hippocampus following ischemia. A-E: Coronal sec tions including dorsal hippo campus; F-J: higher magnifica tion showing the hybridized cells in dentate hilus. Sections were prepared from control brains (c) and at the indicated intervals following 5-min isch emia. Increased hybridization could be identified in the pyra midal cells, dentate granule cells (arrows), and hilar neurons at 3 h of recirculation, with a characteristic time course in
lished cDNA sequences of the rat CuZnSOD (Delabar et al., 1987) . The sequence was 5'-TTTCCAGTCTTTG TACTTTCTTCATTTCCACCTTTGCCCAAGTCATCT-3'. The oligonucleotide was end-labeled with a-[35Sjthio dATP for in situ hybridization histochemistry or [a-32PjdATP for Northern blot analysis using terminal deoxynucleotide transferase in a kit (Oligonucleotide 3' End Labeling System; NENlDuPont) to a specific activ ity of 1.2-1.8 x 109 dpm/fLg.
The specificity of the hybridization in situ was con firmed by sense orientation oligonucleotide for the probe used and the blocking test in which the hybridization was carried out in the presence of 100-fold excess unlabeled probe.
Immunocytochemistry
For immunocytochemical studies of endogenous CuZnSOD, 20 gerbils including 4 sham-operated animals (four animals per group) were perfused with Zamboni's fixative (0.2% picric acid/2% paraformaldehyde/0.125 M phosphate buffer, pH 7.4) under sodium pentobarbital an esthesia (50 mg/kg i.p.) at 3 h, 24 h, 3 days, and 7 days after removal of the clip. The brain was cut on a vi bratome to thicknesses of 20 f.lm and then subjected to immunocytochemistry. These sections were incubated overnight at room temperature with a 1 :500 dilution of the primary antiserum. They were then stained according to the avidin-biotin-peroxidase method (Vectastain ABC Kit). Antiserum against rat CuZnSOD was raised in a New Zealand white rabbit. To test for the specificity of the antiserum and immunocytochemical procedure, Western blot analysis and control experiments (omission and absorption) were performed.
Western blot analysis
Animals were decapitated after sham operation and at 3 h, 24 h, and 3 days following ischemia (three animals per group), and the hippocampi were removed. Tissue was homogenized with the sample buffer containing 1% SDS.
Samples containing 9 f.lg proteins were subjected to 10% polyacrylamide gel electrophoresis in the presence of 0.1 % SDS. Protein bands were then transferred from the gel to a nitrocellulose membrane using a semidry transfer apparatus and a blotting buffer consisting of 0.192 M gly-cine and 20% methanol (pH 8.4). The membrane was then incubated with a 1: 500 dilution of the primary antiserum and stained by the ABC method as used above. Protein determinations were performed in triplicate with a color imetric dye binding assay (Bio-Rad, Richmond, CA, U.S.A.).
RESULTS
In situ hybridization histochemistry
The normal hybridization ofCuZnSOD mRNA in the gerbil brain is shown in Fig. 1 . There is a het erogeneous distribution of the mRNA with a partic ularly dense band of radiolabeling seen in the hip pocampus. The time course of hybridization density through the dorsal hippocampus appears in Fig. 2 and Table 1. In the sham-operated animals, the grains appeared more densely packed over the py ramidal cells of the CA sectors than over the gran ular cells of the dentate gyrus ( Fig. 2A) . Labeling was increased virtually throughout the hippocam pus following ischemia. Three hours after the insult, there was no apparent difference in the density of grains between the pyramidal and granular cells ( Fig. 2B) . At 24 h, a persistent increase in labeling Intensity of hybridization signal (mRNA) or immunoreactivity was detected from the sections obtained from separate animals. Each row of either the mRNA or the protein (Pr) column represents an individual animal. Standard intensity of labeling or immunostaining is presented as ( +), which is seen in the CAl in the sham control gerbils. The grading scale is as follows: (-), not detectable; (+ / -), weakly labeled or immunostained; ( + ), labeled or stained in the same grade as in CAl from sham control animals; ( + +), intensely labeled or immunostained. CuZnSOD, Cu-Zn superoxide dismutase; GC, granule cells of dentate gyrus.
was evident in the CAl pyramidal layer (Fig. 2C) , although the labeling had declined in the other py ramidal layers and in the granular cell layer. This prolonged increase in CAl was not seen at 3 days of recirculation, although a few intensely labeled cells were still observed in the CAl layer (Fig. 2D ). Es sentially no labeling was observed in the CAl pyra midal layers at 7 days ( Fig. 2E) , when the pyramidal neurons had been lost. The spared cells such as nonpyramidal neurons showed a significant hybrid ization even 7 days after the ischemia (Fig. 3F) .
Cells in the hilus of the dentate gyrus also showed a significant increase in hybridization following ischemia ( Fig. 2F-J) . However, the increased in duction at the hilus was no longer seen at the end of the 24-h recirculation period. Increased labeling was seen in most of the hilar cells counted at 3 h of recirculation ( Fig. 2G ), but was detected in only a few hilar cells at 24 h after ischemia ( Fig. 2H) . At 3 days or thereafter, the hybridization signal occurred at the limit of detection in the spared neurons in the hilus (Fig. 21 and J) .
Hybridization newly occurred in some glia-like small cells that were distributed predominantly in the stratum radiatum and lacunosum of the CAl sec tor by 3 days of recirculation (Fig. 3) . In these cells the signal intensity was maximal at 24 h and had declined by 7 days, although significant levels were still detected at 7 days of recirculation.
Northern blot analysis
Northern blot analysis for the probe showed hy bridization to a single band of molecular weight 0.65 kb. The signal was transiently increased during 3-24 h after 5 min of ischemia ( Fig. 4) . At 3 days the signal intensity had returned to the control level. Hybridization decreased to a weaker level at 7 days versus the preischemic stage. 
Immunocytochemistry
CuZnSOD immunoreactivity was found exclu sively in the neurons of the CA sectors. The gran ular cells of the dentate gyrus showed minimal staining, which agrees with the finding of CuZnSOD mRNA distribution (Fig. SA) . The time course of the immunoreactivity throughout the hippocampus is summarized in Fig. 6 and Table I . The accumu lation was slightly reduced throughout the hippo campus at 3 h ( Fig. 6B) and was selectively reduced in the CAl pyramidal neurons at 24 h (Fig. 6C) , where a prolonged increase in hybridization for CuZnSOD mRNA was seen. The immunostained accumulations were recovered during a character istic time course in several of the cell populations. By 24 h after the ischemia, immunoreactivity had recovered to the control level. In the CA3 pyramidal neurons and the granular cells in dentate gyrus, im munoreactivity was slightly increased at 24 h and more intensely stained at 3 days of recirculation ( Fig. 6D and I) . Recovery of staining occurred in J Cereb Blood Flow Metab, Vol. 13, No. 1, 1993 the CAl pyramidal neurons at 3 days of recircula tion (Fig. 5B ). In the CAl pyramidal layer, how ever, some pyramidal neurons remained more in tensely stained than other neurons (Fig. 3E) . The latter observation was comparable to the findings of in situ hybridization (Fig. 3C) . At 7 days, many glia like small cells immunoreactive for CuZnSOD had proliferated throughout the CAl sectors (Fig. 3H) .
The immunoreactivity of the hilar neurons was also reduced between 3 and 24 h (Fig. 6F-H) . Stain ing was recovered, or even increased, at 24 h and 3 days in the spared hilar neurons (Fig. 61) , which showed a minimal hybridization of CuZnSOD mRNA. At 7 days, the immunoreactivity was re duced throughout the hilar region (Fig. 6J ).
Western blot analysis
As shown in Fig. 7 , a characteristic accumulation of immunoreactive CuZnSOD was evident on a sin gle band of molecular mass 16 kDa. The ischemic insult failed to induce significant changes as ob served in the expression of CuZnSOD mRNA.
DISCUSSION
The present study is the first to estimate the syn thesis of cellular SOD following an ischemic epi sode. Our observations show that CuZnSOD mRNA sequences are strongly induced in CAl neu rons that show a significant decrease in protein im munoreactivity following an ischemic insult. Al though the immunocytochemistry and Western blot analysis do not necessarily represent the activity of CuZnSOD protein, the results strongly suggest that SOD activity is impaired throughout the hippocam pus, especially in the vulnerable CAl neurons, dur ing the early period of recirculation following cere bral ischemia. Previous studies have demonstrated that the SOD activity decreases during ischemia of the heart and liver (Dudnik et aI., 1981; J ulicher et aI., 1984) , suggesting that the decline in SOD activ ity renders the tissue more susceptible to damage by free radicals. Brain ischemia has been reported to produce a decline or no change in SOD activity. SOD activity has been suggested to decrease fol lowing global cerebral ischemia (Chan et aI., 1988) , while it did not change following focal ischemia (Paschen et aI., 1985; Michowiz et aI., 1990) . The heterogeneity of the cellular damage following an ischemic insult may explain these inconsistent re sults.
Although there is little information on the change is SOD activity following transient ischemia (Imai zumi et aI., 1989) , our present observations may explain the controversial findings mentioned above, in which Western blot analysis showed little change c c 3d o FIG. 5. Distribution of Cu-Zn superoxide dismutase immunoreactivity in dorsal hippocampus from sham control gerbil (A) and from animals 3 days after exposure to 5-min ischemia (B). Also shown are sections using immunocytochemistry without the primary antibody from sham control animal (C) and the animal 3 days after exposure to 5-min ischemia (0), Almost no immu noprecipitates were seen in these blank sections. Note the increased staining shown in the CA3 and dentate granular cells after ischemia. Bar = 1 mm.
in CuZnSOD accumulation following ischemia, while immunocytochemical analysis demonstrated a significant decrease in the accumulation of CuZnSOD protein, particularly in the vulnerable neurons such as CAl pyramidal cells and hilar neu rons. In addition, immunoreactivity newly occurred in the proliferated glia-like small cells by the 3-day recirculation period. This suggests that the condi tions of SOD activity differ among the species of cells that suffer the same ischemic insult. The im munoreactive small cells were thought to be astro cytes in view of their shape and size. However, their precise identification should be established in future studies.
A persistent and selective deficit in translational activity of CAl neurons following ischemia (Kirino and Sano, 1984; Kiessling et aI., 1986; Thilmann et aI., 1986) would be sufficient to explain the reduc tion in CuZnSOD immunoreactivity in this cell pop ulation and could also contribute to the delayed re covery of CuZnSOD immunoreactivity in other neurons. Transient cerebral ischemia has been shown to induce a loss of both cytoplasmic and tu bulin mRNA in CAl pyramidal cells (Morimoto and Yanagihara, 1981; Maruno and Yanagihara, 1990 ), suggesting that the loss of protein synthesis is due to a loss of mRNA. However, the present study clearly showed an increased level of endogenous CuZnSOD mRNA after ischemic insult. Although the exact mechanism for this phenomenon is not known, the continued increased expression of CuZnSOD mRNA in CAl pyramidal neurons may reflect a persistent inducing stimulus to specific neurons. The oxygen radical is a likely candidate because the preadministration of recombinant hu man SOD eliminated the induction of CuZnSOD mRNA for a prolonged period following transient ischemia (Uyama et aI., 1992) .
In other cell populations, there is a considerable delay between the decrease of SOD hybridization and the appearance of immunoreactivity. Although the exact mechanism remains to be described, our present observations suggest there may be a long interval during which the protein is present but is unrecognized by this antibody under the conditions employed for fixation and tissue processing. In contrast, the altered regulatory mechanism of CuZnSOD synthesis may contribute to this phe nomenon. It has been reported that the pulmonary tolerance of hyperoxia requires the induction of a pretrans\ational increase of CuZnSOD mRNA, al though the response to a transient increase in oxi dant stress is mediated translationally in unmanip ulated adult rats (Hass et aI., 1989) . Another study has shown that the pre translational increase in CuZnSOD synthesis is preceded by a slight de-c crease in its synthesis when the concentration of CuZnSOD mRNA is elevated (Iqbal et aI., 1989) . Although the present result was unrelated to pul monary hyperoxia, there may be a time lag between the synthesis of SOD and the expression of SOD mRNA following transient cerebral ischemia.
Similar phenomena have been reported with the induction of certain stress proteins. The 70-kDa heat shock protein demonstrates a prolonged in crease in mRN A expression without protein synthe sis in CAl pyramidal cells during early postischemic recirculation periods (Vass et aI., 1988; Nowak et aI., 1990; Nowak, 1991) . The superinduction of nu- tions showing the immunoreac tive dentate granular cells and hilar cells. Sections were pre pared from control brain (c) and following 5 min of ischemia at the indicated intervals. Accu mulation of immunoprecipitate was reduced in CA1 at 24 h (e) and was increased in the den tate gyrus and hilar neurons at 3 days of recirculation (0 and I).
merous rapidly inducible mRNAs has been ob served following the pharmacologic suppression of protein synthesis (Greenberg et aI., 1986; Ginty et aI., 1990) . Whether or not the CuZnSOD mRNA is involved in one of these mRNAs and the functional relationship between CuZnSOD and heat shock protein 70 remain to be determined. The induction of the heat shock response has been associated with the inhibition of superoxide production in phago cytes (Maridonneau-Parini et aI., 1988; Clerget and Polla, 1990) .
The maximal induction of CuZnSOD mRNA in the hilar neurons was attenuated more quickly than that in other cell populations; its expression was at the limit of detection by the end of the 24-h recir culation period. The early loss of some hilar neu rons following ischemia may contribute to the short duration of the expression. Previous studies have reported that the selective early loss of somatostat in neurons in the hilus after cerebral ischemia pre cedes CAl pyramidal cell loss in the rat (Johansen et al., 1987; Represa et al., 1991) and in the gerbil (Matsuyama et al., 1991b) . SOD is an antioxidant enzyme whose beneficial effects on ischemia-EAA-mediated neurotoxicity have been demonstrated in vitro (Dykens et al., 1987; Pellegrini-Giampietro et al. , 1990) . However, the role of endogenous SODs in the pathogenesis of an oxygen radical-dependent reperfusion injury in the brain has not been clearly elucidated. A neuro degenerative process produced by excessive cellu lar CuZnSOD activity has been proposed in Down's syndrome patients (Brooksbank and Balazs, 1984) . A study on the beneficial effects of endogenous CuZnSOD was conducted by Chan et al. (1990) , in which the transgenic mouse overexpressing CuZnSOD showed a reduced neurotoxicity to glu tamate, suggesting that endogenous SOD reduces the oxidative stress mediated by the N-methyl-D aspartate receptor. Considering these results and our present findings, it is suggested that if the con tent of endogenous CuZnSOD proteins were suffi cient to scavenge the oxygen radicals following ischemia, the cells would be protected against isch emic injury.
In conclusion, our study has demonstrated that the transient global ischemia that produces the de layed neuronal death stimulates the CuZnSOD mRNA to increase without the production of CuZnSOD protein. Although many proteins are not synthesized in CAl following ischemia, it is suggested that the prolonged reduction in the syn thesis of endogenous SOD is important in the neu rons vulnerable to ischemic insult. Resolution of the factors responsible for the prolonged induction of CuZnSOD mRNA in CAl should also be deter mined. The initial stimulating factor is most likely oxygen radicals (Uyama et al., 1992) . In this regard, the expression of CuZnSOD mRNA sequences in neurons following ischemia provides an early bio chemical marker for identifying those cells exposed to oxygen stress and may be useful in the evaluation of approaches to antioxidant therapy.
